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Recipient Logo(s) Motivation – “It is all about models!”
Funded by:
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“Without models, we are flying blind.” --- Rich Bauer
“Are We Really Ready for High Penetration IBR Conditions?” --- Ryan Quint
“It is all about models!” – Andrew Isaacs
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A peek at history:
• With a complete knowledge of the synchronous machine physics, it takes another 

100 years to develop/standardize synchronous generator models for system 
analysis.

IEEE std  115 was initiated in 1929
Version-1945, 1965, 1983, 1999, 2019

In 1920s, machine model/circuits developed
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Goals: Initiate the work on analytical modeling

• Developing adequate dynamic models (systems) for PV systems to characterize their 
interactions with the host grid, to enhance stability and mitigate control interactions.  

• Common misconceptions about modeling and computer simulations
• A complete reliance on software package: “click and run”

• Garbage in garbage out; very challenging to master dynamic modeling 
• A complete distrust on computer simulation: No hardware experiments, no paper

• Hardware is important when physics are not fully understood yet. 
• EMT simulation, is now a recognized means  in power systems after decades of efforts from Dommel, 

BPA, Manitoba Hydro, Hydro Quebec. 
• The more details, the merrier 

• See the following.

2001, the proceedings of the IEEE …. Even if it were possible to simulate a full schematic with sufficient 
accuracy and efficiency, it is doubtful whether this capability alone 
would provide the basis for good design. Typically, crucial insight and 
understanding are provided by hierarchical modeling, analysis, and 
simulation, rather than working directly with a detailed schematic. The 
combination of these insights with hardware prototyping and 
experiments constitutes a powerful and effective approach to design.
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Intellectual challenges of this project
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Dynamic systems 
and control theory

System 
Identification: 

Infer models 
from 

measurement 
data

Domain knowledge: 
power systems, 

power electronics, 
ac machines

• EMT simulation
• Hardware 

experiments
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Outline

• Analytical model design
• Weak grid oscillation analysis 

• Real-world events: 
– PESGM 2017 First Solar 7-Hz Oscillations 
– Australia West Murray 7-Hz oscillations, 19-Hz oscillations 

• Demonstrate the analytical model design, validation and analysis 
procedure

• Other research outcomes 
• On modeling 
• On measurement-based analysis
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IBR weak grid integration

• AEMO “Grid Strength” workshop- Nov. 2020 
(1100 registered attendees) 
• Alex Wonhas: “In my view, system strength is 

arguably the final frontier that we have to 
master to make the energy transition happen.”

• Babak Badrzadeh: Stability, protection, and 
power quality becomes a trinity problem. 

Dominion Energy 22-Hz oscillations Australia 19-Hz oscillations
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Can grid-forming converter solve the weak 
grid issue? 

• Sebastian Achilles (GE 
Energy Consulting) 
ESIG webinars:
• Nov. 11, 2021: Weak 

Grid connection of 
IBR: why are we still 
talking about this? 

• August 2017: 
Interconnection of 
Wind and Solar 
Power Plants to 
Weak Grids

• Important message: 
Grid forming 
converter is not a 
magic bullet.
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Why analytical model? 
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High Fidelity EMT model 
including converter 
switching  sequences
(discrete)

EMT models with state 
variables are sinusoidal at 
steady state. 

Averaging technique 
(1970s)

abc to dq or Park’s 
transformation (1920s)

Numerical 
perturbation

LTI model

Simulation model ¹ Analytical model

Models with state 
variables constant
at steady state. 

For dynamic phenomena, we want to develop fundamental understanding, crucial insights, and 
find mitigation solutions. We need to rely on the classic nuts and bolts tool: linear system 
analysis. 

Analytical models: 
• continuous, nonlinear, state variables constant at steady state.
• capable of large-signal simulation and small-signal analysis.   

RMS-models (PSS/E, PSLF, 
Powerworld, TSAT) are 
analytical models.



Funded by:

This presentation may have proprietary information and is protected from public release.

Analytical model design

EMT test bed Analytical 
model design

Linear system 
analysis

Further 
simplification

More insights 
developed

Measured YDC
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Test bed construction: power transfer test bed

M. Zhang, Z. Miao, L. Fan, "Reduced-Order Analytical Model of Grid-Connected Solar Photovoltaic 
Systems for Low-Frequency Oscillation Analysis," IEEE trans. Sustainable Energy, 2021

SCR =1.08, Xg = 1. 
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Essential part: inverter control
• Grid-following inverters (voltage source 

converters) have standard control structure. 
Several textbooks are available [1][2]. 
• PCC voltage oriented vector control: 

decoupled P(or Vdc)/Q control: d-axis for P 
regulation, q-axis for Q regulation, d-axis 
aligned with the PCC voltage

• Vector control consists of outer power/voltage 
control and fast inner dq-axis current controls

• Vector control relies on phase-locked-loop 
(PLL) to sense PCC voltage frequency and 
angle for synchronization.

• Decoupled from grid relying on voltage 
feedforward and cross-coupling

[1] Yazdani, Amirnaser, and Reza Iravani. Voltage-sourced converters in power systems.  John Wiley & Sons, 2010. 
[2] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photovoltaic and Wind Power Systems, Joh Wiley & son, 2011.

Gate signals 
generated by 
GSC control
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side
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Analytical model design

EMT test bed Analytical 
model design

Linear system 
analysis

Further 
simplification

More insights 
developed

RLC circuit representation: YDC

Is the RLC representation reasonable? 

12

First simplification: dc-side 
dynamics
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Analytical model design

EMT test bed Analytical 
model design

Linear system 
analysis

Further 
simplification

More insights 
developed

The weak grid mode is associated with PLL, Vdc and Vac control. 
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Another round of validation: ac side 
frequency response comparison
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Analytical model design

EMT test bed Analytical 
model design

Linear system 
analysis

Further 
simplification

More insights 
developed

Ignore current control, while 
focusing on outer control and 
PLL. 

Weak grid stability à dynamic voltage 
stability
-- Lower grid strength, higher power 
transfer level make things worse. 
-- mode frequency is related to dc voltage 
control bandwidth and PLL bandwidth

PLL

Dc voltage 
control
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Insights revealedà enhancement designed

• Control design can be contemplated
• Faster voltage control enhances stability
• Decoupling power and voltage can enhance 

stability

CIGRE Science & Tech, June 2021

SMA: 5-7 Hz solar PV  oscillation mitigation in AEMO Plant level controls typically operate on the basis of RMS 
measurement values and via IP based communication in-
terfaces. This results in a lack of necessary bandwidth to 
adequately address relevant SSCI phenomena [18]. 
Additional system strength support in the relevant fre
quency ranges can be provided by fast action of 
inverter level functions. Regarding SSCI, such a 
function would be inverter level voltage control (ILVC), 
which may be optimized to provide damping to the 
frequency range of interest. 

Y. Li, L. Fan, and Z. Miao, “Stability Control for Wind in Weak Grids,” IEEE 
Transactions on Sustainable Energy, vol. 10, no. 4, pp. 2094–2103, Oct. 2019, 
doi: 10.1109/TSTE.2018.2878745. 

[7]
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Research outcomes on modeling

• M. Zhang, Z. Miao, L. Fan, "Reduced-Order Analytical Model of Grid-Connected Solar 
Photovoltaic Systems for Low-Frequency Oscillation Analysis," IEEE trans. Sustainable Energy, 
2021.

• L. Fan, Z. Miao, and M. Zhang, "Subcycle Overvoltage Dynamics in Solar PVs," IEEE trans. 
Power Delivery, 2021. (2017 Canyon 2 Fire event) 

• L. Fan, Z. Miao, “Root Cause Analysis of AC Overcurrent in July 2020 San Fernando 
Disturbance ”, IEEE trans. Power Systems, 2021.

• L. Fan, “Inter-IBR Oscillation Modes,” IEEE trans. Power Systems, 2021

• IEEE PES IBR SSO Task force paper, “Real-World Subsynchronous Oscillation Events in Power 
Grids with High Penetrations of Inverter-Based Resources,” request for revision, IEEE trans. 
Power Systems. (ERCOT, AEMO, Dominion Energy, Hydro One, State Grid China)
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Research outcomes on measurements

• Measuring DQ admittance using harmonic injection takes time. Is there any 
efficient way to measure DQ admittance?
• L. Fan and Z. Miao, "Time-Domain Measurements-Based DQ-Frame Admittance Model Identification of Inverter-

Based Resources," IEEE trans. Power Systems, 2021

• Demonstration: Harmonic injection and time-domain method in a PHIL set up 
• L. Fan, Z. Miao, P.  Koralewicz, S.  Shah, and V. Gevorgian, "Identifying DQ-Domain Admittance Models of a 2.3-MVA 

Commercial Grid-Following Inverter Via Frequency-Domain and Time-Domain Data," IEEE trans. Energy Conversion,  
2021

• With admittance, what can we do: Is modal analysis possible? 
• L. Fan and Z. Miao, "Admittance-Based Stability Analysis: Bode Plots, Nyquist Diagrams or Eigenvalue Analysis?" 

IEEE trans. Power Systems, vol. 35, no. 4, July 2020, 3312-3315.

• With admittance, what can we do: Is fast time-domain simulation possible? 
• M. Zhang, L. Bao, Z. Miao, L. Fan, P. Gomez, "Measured Admittance Model for Dynamic Simulation of Inverter-Based 

Resources Using Numerical Laplace Transform," accepted, 53rd NAPS 2021.
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Conclusions

• We are in an exciting era to integrate high 
penetrations of solar PVs. There are many 
challenges. The foremost one is grid reliability, 
specifically weak grid integration (final frontier). 

• Design of analytical models and tools is key to 
develop crucial insights and develop grid reliability 
enhancement solutions. In addition, many tools 
can be used as leverage during the design: system 
identification, control theory, besides EMT 
simulation and hardware experiments.  

• For power systems dynamics people, this is the 
beginning of our work on solar PV and IBR grid 
integration.
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